Abstract During the last years it has been an increasing focus on fundamental studies of the Fischer-Tropsch synthesis (FTS). Steady-state isotopic transient kinetic analysis and first principles investigation have proven to be important methods in studying the reaction mechanism of FTS. The present contribution deals with recent progresses in understanding of the F-T mechanism on Co catalysts based on combined DFT calculations, in situ characterization, steady-state isotopic transient kinetic analysis and microkinetics. A brief outlook into future perspectives of the FTS for converting synthesis gas from different carbon sources to fuels and chemicals is also provided.
Introduction
Fischer-Tropsch synthesis (FTS) is an alternative process for producing transportation fuels and chemicals by converting syngas derived from natural gas, biomass and coal [1] [2] [3] [4] . Recently, the increase in demand for transportation fuels and the large reserves of natural gas have made FTS an attractive industrial process. In the FTS process, cobaltbased catalysts, owing to low water-gas shift activity and remarkable stability, is considered to be the favorable catalyst for the synthesis of long-chain hydrocarbons from synthesis gas with a H 2 /CO ratio about 2 [5] [6] [7] .
Despite the fact that the FTS process has been in commercial use for decades, several fundamental issues, such as the reaction mechanism, are still under debate. In general, three main mechanisms as displayed in Fig. 1 have gained widespread acceptance [8, 9] . The original carbide mechanism, proposed by Fischer and Tropsch [10, 11] , suggested that CO adsorbs dissociatively on the surface and that the surface carbon subsequently is hydrogenated to form methylene (CH 2 ) groups, which is considered as the monomer for the chain propagation. Despite the amount of experimental work that supports this mechanism [12] [13] [14] , it fails to explain the formation of oxygenates. In respond to the discredit of the carbide mechanism, Anderson and Emmett proposed the hydroxycarbene (enol) mechanism [15, 16] , which involves the formation of a hydroxylcarbene intermediate, M-CHOH, responsible for carbon-carbon bond formation. In order to account for the range of products in more detail, Pichler and Schulz developed the CO insertion mechanism [17] , in which the insertion of CO into alkyl intermediates represents the chain growth. Unfortunately, none of them can accounts for the full product distribution. Besides, it is possible that the reaction mechanism may change with different reaction conditions and catalysts. There are several excellent reviews regarding the FTS mechanism [1, 2, [18] [19] [20] [21] . The reaction mechanism for such a complex reaction is still a project of controversy and uncertainty despite the fact that it has been explored by many experimental and theoretical studies.
Transient kinetic studies are particularly helpful in the evaluation of intrinsic kinetic coefficients and understanding reaction mechanisms. Temporal analysis of products (TAP) and the steady-state isotopic transient kinetic analysis (SSITKA) have been applied in kinetic investigations of the F-T synthesis. The approaches of kinetic analysis for FTS will be discussed in Sect. 2. With the advancement of sophisticated computational chemistry techniques, the intricate electronic-structure calculations based on density functional theory (DFT) have recently been widely used to provide fundamental data regarding the surface reaction, which can be a complement to the experimental analysis for understanding of reaction mechanisms [23] [24] [25] [26] . More importantly, it can distinguish between those possibilities that were left open, such as various reaction pathways. Since the mechanism of FTS is inconclusive and controversial, more and more DFT calculations have been devoted to tackle these issues [18, 19] , especially for the mechanism of CO activation [27] [28] [29] [30] [31] , methane formation [32] [33] [34] [35] , and chain growth [36] [37] [38] . Despite the successful implementations of DFT in catalysis process, it still holds some drawbacks such as failure in the calculation of weak interactions (such as Van der Waals interaction) [25] . Fortunately, DFT calculations in combination with experimental work (such as spectroscopic methods and kinetic analysis), has proved to be a more powerful tool in modelling active sites and exploring the mechanism at a molecular level. The combined approach has successfully been applied for discriminating the mechanisms of CO activation and methane formation [32, [39] [40] [41] .
The present review deals with recent progress in understanding the reaction mechanism of FTS on Co catalysts by means of transient kinetic analysis and DFT calculations. The methods of transient kinetic study applied to FTS are summarized, followed by a detailed summary of recent progresses on combined DFT and kinetic analysis of FTS mechanism. The investigation of the FT mechanism CO Dissociation and Hydrogenation Fig. 1 Three main mechanisms of Fischer-Tropsch synthesis [22] . a Carbide mechanism. b hydroxycarbene mechanism. c CO insertion mechanism has been divided into 4 subtopics: The adsorption of the surface species, CO activation, chain growth, and methane as well as olefin selectivity. In each subtopic, DFT calculations and transient kinetic experiments, which were used to investigate each subtopic, will be reviewed and discussed. The following sections concentrate on the progress from a combined approach of DFT, kinetic analysis and isotope effect. Finally, some conclusions are summarized and a brief outlook into future perspectives is proposed.
Approaches of Kinetic Analysis for FTS
The history, applications and recent developments of the temporal analysis of products (TAP) have been reviewed recently [42, 43] . The TAP technique has been applied to different reaction systems involving heterogeneous catalysis: Reaction transport (adsorption and diffusion) [44, 45] ; reforming of hydrocarbons [46] [47] [48] [49] [50] [51] ; hydrogenation and dehydrogenation reactions [52, 53] ; environmental catalysis [54] [55] [56] [57] [58] ; oxidation reactions etc. [59] [60] [61] [62] [63] [64] [65] [66] [67] . The TAP technique is useful for obtaining qualitative information about reaction mechanism, such as reaction intermediates and reaction sequences for multistep reactions. It is also possible to obtain quantitative kinetic information by solving the partial differential equations describing chemical and transport processes. There have been limited studies on investigation of FTS using the TAP technique possibly due to the very complicated product spectrum for FTS [68] .
Another type of transient experiments is step-response experiments which are much easier to perform and the interpretation of the results is much simpler. This type of experiments involves a step change in reactants, concentration, temperature or pressure. The transient curve of reactants and products are monitored before and after and kinetic information can be extracted from the step-transient signals. Modeling of the response curve is less complicated although the time resolution and sensitivity is lower than for the TAP experiment. The pulse transient method has been used to study the kinetics of several key steps such as CO activation and hydrocarbon chain growth of FTS over supported cobalt catalysts [69, 70] .
Steady-state isotopic transient kinetic analysis (SSITKA) combines both isotopic labeling and kinetic analysis. It has contributed significantly to our understanding of a wide range of surface-catalyzed reactions. The review by Shannon and Goodwin has summarized the chemical reactions studied by SSITKA prior to 1995 [71] . Issues explored using SSITKA have included among others the study of mechanisms, the presence and implications of site heterogeneity, the role of chemical promoters and the effect of operation conditions on the surface coverage of intermediates. For FTS, the use of SSITKA has resulted in an improved understanding on the effect of catalyst properties (promoters [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] , support [84] [85] [86] [87] [88] [89] [90] , particle size etc. [91] [92] [93] [94] ) and the reaction conditions [95] [96] [97] [98] [99] [100] [101] on the performance. Concerning the mechanism, SSITKA gives the coverage of CO and surface carbon intermediates and the site coverage of H can be estimated. In addition, the site reactivity towards methane and higher hydrocarbons can be obtained. SSITKA can be used to estimate rate coefficients for chain initiation, propagation and termination by fitting theoretically generated model curves to the observed transient responses [102] .
SSITKA measures the amount of surface intermediates, but the technique cannot determine the chemical identity of the intermediates. In-situ IR is a powerful technique for identifying surface species at reaction conditions. However, the surface species detected by IR do not necessarily participate in the reaction, may just be a spectator. A powerful tool for identifying active surface intermediates is SSITKA coupled with diffuse reflectance Fourier Transform Infrared Spectroscopy (DRIFS) [103] [104] [105] . This coupled technique has been used to investigate formate species in the water-gas-shift reactions [106] [107] [108] . However, fewer studies have been carried out to study the mechanism of CO hydrogenation [109] .
Progresses on Understanding the FTS Reaction
Mechanisms by Means of Theoretical and Transit Kinetic Investigations
Adsorption Energies of the Surface Species
The nature of the adsorbed surface species on cobalt catalysts is crucial for a better understanding of the reaction mechanism, where the configuration and strength of the adsorption directly influence their bond cleavage and formation reactions. Large efforts have been devoted to the studies of adsorption of intermediates on hcp Co (0001), which is the thermodynamically most stable surface of the industrial Co catalysts at FTS condition [110] [111] [112] [113] . The chemisorption energies of the most stable configurations for the related surface species on Co (0001) are summarized in Table 1 . Generalized gradient approximation (GGA) was widely used in all studies mentioned in Table 1 , which performed better for magnetic surfaces, provided better geometry optimizations and yielded more exact adsorption energies [122, 123] . The chemisorption energies of the same species is slightly different from various sources since different functional (i.e. PBE functional [124] or PW functional [123] ), and other parameters were employed in these calculations. Despite this fact, similar trends can be observed Understanding of Co-Based F-T Catalysis 147 PBE functional, PAW pseudopotential in VASP package were employed [114, 117] , and the data in parentheses are calculated on Co (0001) with 1/3 ML CO coverage [117] . Perdew-Burke-Ernzerhor form (PBE) of generalized gradient corrections and Troullier-Martins norm-conserving scalar relativistic pesudopotential in SIESTA package were employed [116, 120, 121] . PW91 functional, ultrasoft pseudopotential (USPP) in DACAPO package were used, and the date in parentheses were calculated on 1/2 ML CO pre-covered Co (0001) [40] . PW91 functional and ultrasoft pseudopotential (USPP) in CASTEP were used [29, 33, 118, 119, 130] . PBE functional, PAW pseudopotential in VASP were used, and the data in the parentheses are calculated on 1/4 ML CO pre-covered Co (0001) [32] as listed in Table 1 . For CO adsorption, PW91 [123] and PBE [124] functional provide significantly higher CO chemisorption energies (i.e. 1.76 ± 0.12 eV) on Co (0001) compared to experimental results (i.e. 1.20 ± 0.13 eV) [125, 126] . Moreover, these functional overestimated the stability of highly-coordinated adsorption sites and lead to wrong predictions of the favorable adsorption sites (i.e. the hollow site) [29, 118] , while it is reported that CO occupy top sites and form an ordered ( ffiffi ffi 3 p Â ffiffi ffi 3 p )R30°structure by LEED pattern [127, 128] . Fortunately, these issues have been tackled with by some correction methods such as the site-dependent correction factors [125, 129] , which can provide an adsorption energy in the range of 1.10-1.40 eV and the current methods will be used in future, especially for high CO coverage. It is clearly seen that the chemisorption energies of most C1 species are around or more than 1 eV except for CH 3 OH, which binds weakly through the O atom since there is no unsaturated atoms in CH 3 OH [120] . Interestingly, the adsorption energies of n-alkyl with chain length n from 2 to 6 are almost the same because the bonding of these species with the surface is similar. Those of 1-alkenes (n = 2-6) undergo the same trend except for ethylene because the repulsive interaction between the alkyl groups in 1-alkene (n = 3-6) and the surface is stronger than that between H in ethylene and the surface [121] . Noteworthy is that the van der Waals interaction between the 1-alkene and the metal surface, an important contribution to the adsorption energy, is not considered in the exchange-correlation function at PBE level. It has been demonstrated that the chemisorption energy of 1-alkene may play an important role in determining the olefin selectivity and thus more accurate description of the van der Waals interaction is highly desirable [121] .
The effects of surface structure and coverage on the adsorption have also been investigated. The adsorption energies on the stepped Co (0001) surface, as shown in Table 1 , are larger compared to those on the flat Co (0001) surface. It is demonstrated that defect sites on the step Co (0001) facet lead to lower metal coordination numbers, and as a result the adsorbates binding to the surface are stronger [118, 120] . High binding energies may largely decrease the activation barrier of the bond-breaking steps, indicating that the defect sites on the step surface might be active for CO activation, which will be discussed later. The structure sensitivity of the adsorption process has been further investigated in the refs [113, 115, 118] . It can be seen that the average binding energy of CO is slightly larger for HCP Co (i.e. -1.74 ± 0.088 eV) than that for FCC Co (i.e. -1.66 ± 0.058 eV) [113] . However, the small difference on CO and H adsorption energies between HCP and FCC Co, 0.08 and 0.07 eV, respectively [113] , reveals the weak structure sensitivity for the adsorption of the reactant. The effect of CO coverage on the chemisorption of some surface species, H, CO, CH, CH 2 , CH 3 , HCO, HCOH, CH 2 O and so on, has been investigated on Co (0001) with different CO coverages, 1/4, 1/3 and 1/2 ML, as listed in Table 1 [32, 40, 117] . In general, the pre-covered CO molecule decreases the stability of other molecules, especially for larger molecules such as HCOH, due to the repulsive interaction between the adsorbed species. For the CO coverage increasing to 1/2 ML from zero, the chemisorption energy of CH decreased by 0.83 eV, while that of HCOH decreased by 1.08 eV [40] . It should be noted that the hydrogen bond may be formed between the O atom in the pre-covered CO and the O-H in surface species, such as COH, and the stabilizing effect of the hydrogen bond may lead to the slightly enhanced chemisorption by 0.36 eV [32] . In conclusion, the adsorptions of surface species are weakly structure sensitive, while the adsorption energies are affected by the CO coverage (Table 2) .
It is worth mentioning that the chemisorption energy is a vital and useful parameter to determine the catalytic activity. As discussed above, the chemisorption energy of 1-alkene may be a controlling parameter in determining the olefin selectivity and thus it is suggested that weakening of the olefin-surface bond will enhance the olefin selectivity [115] and c denotes ref [113] , where PBE exchange-correlation functional was employed
Understanding of Co-Based F-T Catalysis 149 [121] . Besides, the linear relationship between the effective barrier of methane formation and the chemisorption of C ? 4H(4H) was elucidated by Cheng et al. [35] , and a volcano curve to correlate the activity and selectivity to the binding energies of the key intermediate was established, as illustrated in Fig. 2 . It is indicated that a good catalyst is a best compromise between activity and selectivity, which require binding energies being on the left side of the volcano curve and close to its top. These correlations may simplify the process of improving the activity and designing better catalyst, which could be of great interest for FTS.
CO Activation
CO activation is the first reaction step in FTS and is critical for the catalytic activity. The issue has been puzzling the scientists ever since the discovery of the FTS, i.e. whether adsorbed CO is directly dissociated to C and O or is hydrogenated to form HCO (or COH) and other intermediates before C=O bond cleavage. Discriminating the two mechanisms is an important issue in FTS. Therefore, a large number of computational catalysis has contributed to the understanding of CO activation through calculations of the activation barriers of the elementary steps involved in different mechanisms, as shown in Table 3 . Hu and coworkers reported that the direct dissociation of CO cannot occur on the flat Co (0001) due to the high barrier of 2.70 eV, while it is much more favorable on the stepped Co (0001) with a barrier of 1.61 eV [29] . Moreover, the barrier of the CO dissociation on the double stepped Co (0001) is even lower of 1.20 eV [130] , indicating that the barrier is lower when the surface consists of more defects such as steps and kinks. There are two used methods to construct the DFT models containing defects, where one is creating the defect by removing certain atoms on the low Miller index orientations (such as stepped Co (0001)) [33, 36, 116, 120] and the other is using the model based on the high Miller index orientations that produce corrugated surfaces [113, 118, 131] . Ge et al. [118] studied the effect of defects on CO dissociation by employing the Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , Co (10-12) and Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) as model surfaces shown in Fig. 3 , in which Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) is more open and corrugated than Co (0001), Co (10-12) contains steps and Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) contains double steps and kinks. As expected, the barrier of CO dissociation decreases in the order Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) [ Co (10) (11) (12) [ Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) as shown in Table 3 , owing to the fact that the defect sites provide stronger binding sites for C and O adatoms and facilitate the CO dissociation. As displayed in Table 3 , the activation energies of direct dissociation (i.e. CO ? C ? O) on the flat Co (0001) which are in the range of 2.28-3.80 eV are dramatically higher than those on surfaces with defects which are in the range of 0.70-2.02 eV, indicating that CO direct dissociation is difficult on ideal Co (0001) and highly sensitive to the local structure. It can be deduced that special active sites on stepped or corrugated surfaces account for the CO direct dissociation. Along this line, van Santen and coworkers proposed that the active sites, socalled B 5 , is necessary for direct CO dissociation by minimizing the bond competition [1] . B 5 sites contain four metal atoms in one layer and a fifth atom in lower layer and usually exist on stepped surfaces. Recently, a novel active site named six-fold (F 6 ) site for one-step CO dissociation was reported on Co (10-10) surface by the same group [28] , with four metal atoms at the same layer and two below the layer. The barrier of CO dissociation is 0.70 eV on F 6 , which is the lowest, reported till now among these surfaces. Thus, CO direct dissociation is highly structure sensitive and the active sites (i.e. B 5 and F 6 ) are essential for CO direct dissociation, which indicates that it is very difficult to take place on the ideal Co (0001) surface.
Although direct dissociation of CO is kinetically challenging on flat Co (0001) surface, an alternative pathway via HCO and CH 2 O was proposed by Holmen and coworkers [132] . The activation energies of all the elementary steps were estimated by using the unity bond index-quadratic exponential potential (UBI-QEP) method and two pathways (one is via COH and the other is via HCO) were established by comparing the activation energies. Furthermore, based on the elementary reaction rates predicted by microkinetic modelling, the favorable mechanism (i.e. the pathway via HCO) was proposed, and HCO* ? H* ? CH 2 O* ? * was suggested to be the rate determining step. This mechanism has since then been investigated by many using DFT calculations. Inderwildi et al. found the same pathway via HCO and CH 2 O molecules, which undergo a lower barrier of 0.85 eV for C-O bond cleavage of CH 2 O [131] . Besides, the similar results of C-O bond cleavage (0.93 eV via HCO and 0.70 eV via CH 2 O) were obtained by Saeys and coworkers [114] . Moreover, Iglesia and coworkers Fig. 2 Schematic illustration on the correlation of activity and CH 4 selectivity to the binding strength of C ? 4H [35] reported that the C-O bond cleavage barrier via HCO and HCOH is 1.43 and 0.98 eV, respectively on flat Co (0001) with 1/2 ML pre-covered CO [40] . Chen and coworkers also found that C=O bond cleavage undergo barrier of 0.90, 0.73, 0.95 eV via HCO, HCOH and CH 2 O, respectively on Co (0001) with 1/4 ML pre-covered CO [32] . It is concluded that CO hydrogenation weakens the C-O bond and facilitates the bond scission. Therefore, the hydrogen-assisted CO activation mechanism is the dominating pathway on a flat Co (0001) surface. However, extremely short-lived formyl species are difficult to be spotted under realistic conditions, which calls for a femtosecond spectroscopy apparatus to detect the species and provide the experimental support. Furthermore, Liu et al. [115] elucidated that the barriers of hydrogen-assisted CO activation are 0.73, 1.04 and 0.72 eV on Co (0001), Co (10-12) and Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) surfaces, respectively indicating that the hydrogen-assisted CO dissociation is also a structure sensitive reaction which depends on the local structure of the active sites. [40] , where the data in the parentheses were calculated on the surface with 0.5 ML pre-covered CO b Ref [28] c Ref [114] d Ref [130 e Ref [131] f Ref [120] g Ref [119] , where the data in the parentheses were calculated on O pre-covered surface h Ref [118] i Ref [29] j Ref [117] , where the data in the parentheses were calculated on Co (0001) with 1/3 ML CO coverage k Ref [115] l Ref [113] m Ref [32] , where the surface with 1/4 ML pre-covered CO Understanding of Co-Based F-T Catalysis 151
As discussed above, the hydrogen-assisted CO dissociation is more kinetically favorable on the flat Co (0001) surface compared with the direct dissociation, while the overall barrier of the pathway via HCO (1.27 eV) is slightly lower than that of the direct dissociation (1.47 eV) on Co (211) [133] . For Co (10) (11) (12) and Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , the overall barrier of H-assisted CO dissociation (1.40 and 1.29 eV) is similar to those of direct CO dissociation (1.34 and 1.39 eV) [115] . However, it is demonstrated recently by van Santen and coworkers that the hydrogen-assisted pathway is unfavorable for the Co (10-10) surface since the overall barrier of the hydrogen-assisted pathway via HCO is 0.38 eV higher than the direct dissociation and COH is thermodynamically unstable [28] . Based on this, they proposed that the carbide mechanism is more favorable [27] . Recently, Li and coworkers employed firstprinciples kinetic studies to identify the structure-sensitivity of the CO dissociation in FTS [113] . Firstly, based on the Wulff construction, Co (11-21), Co (10-11), Co (10-12) and Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) were suggested to represent hcp Co, while Co (100), Co (311) and Co (110) represent fcc Co. It has been reported that hcp Co is more active than fcc Co, and that the direct dissociation is prevailing for hcp Co while the hydrogen-assisted pathway is prevailing for fcc Co. This may provide new insight for designing better catalyst; it is, however, important to note that the metalreactant/intermediate interaction and metal-support interaction may lead to rearrangement of the surface, which means that the dominating surfaces for hcp Co and fcc Co may change and correspondingly effect the mechanism. Moreover, whether the hcp or fcc phase is dominating in FTS depends on the activation conditions [134, 135] and the rearrangement of the surface during real FT reaction condition has been demonstrated by both experimental and theoretical methods [136, 137] . It is therefore hard to verify which phase (i.e. hcp or fcc) plays the most important mole as catalyst during the reaction.
It is widely accepted that the CO activation is structure sensitive, leading to the different preferred mechanism on various surfaces. Meanwhile, the rearrangement of the cobalt-based catalyst can change the local structure and may create new active sites, resulting in more complicated mechanisms. Despite the different proposals regarding the CO activation mechanism, it is agreed that hydrogenassisted CO activation is more kinetically favorable on ideal Co (0001). It is reported that hcp Co catalysts show higher FTS activity than fcc Co [134, 135, [138] [139] [140] [141] . Moreover, the larger sized Co catalysts, exposing mainly Co (0001) facets, exhibit higher FTS intrinsic reactivity compared to the smaller sized Co catalysts below 6 nm, possibly because the latter has strongly bonded carbon and oxygen surface species acting as site blocking species, and small particles may also be easily oxidized by the water vapor [6, 92, 142] , suggesting a large contribution of Co (0001) to the reaction under reaction condition.
Step-transient (chemical transient) experiments have also been used to study CO activation for FTS [69] . A switch form Ar or Ar/H 2 to CO/He at reaction temperature (493 K) for a reduced cobalt catalyst showed a delay of the appearance of the CO transient curve in the case of (Ar/H 2 ? CO/He), suggesting that the presence of H 2 increases the amount of CO adsorption and dissociation. The back switch (CO/ He ? Ar/H 2 ) at 493 K produced methane prior to the formation of CO 2 . This provides experimental evidence for the conclusion that the dissociation of CO in the presence of H 2 proceed through concerted mechanism. By considering the DFT calculations and experimental evidences as discussed above, the hydrogen-assisted CO dissociation is shown to be more kinetically favorable on cobalt-based catalyst. However, it should be noted that a high CO coverage (about 0.5 ML) has been found in steady state isotopic transient kinetic analysis (SSITKA) studies at FT conditions [6] , indicating that further studies on the surface with high CO coverage are highly encouraged.
Chain Growth
The FTS is a complicated reaction system consisting of a large number of intermediates and products, such as paraffins, olefins, oxygenates. Understanding the mechanism Fig. 3 The top view and the side view of the surfaces Co (11-20) (left), Co (10-12) (middle) and Co (11-24) (right). The first layer is , the second layer , the third layer and the forth layer of chain propagation and termination is crucial for the production of desired products. Although it is difficult to simulate the elementary steps involving large molecules on the catalyst surface due to the limitation of current computational capacity, some theoretical efforts [36, 37, 116, 119, 120, 143] have been devoted to this field concerning the formation of C 2 and C 3 . Hu and coworker have investigated all the possible reaction pathways for C 1 ? C 1 coupling for the carbide mechanism based on DFT calculations and kinetic analyses [116] . As shown in Table 4 , the barriers for all C 1 ? C 1 coupling pathways on the flat surface are smaller than those on the stepped surface except for CH 2 ? CH 2 and CH 2 ? CH 3 . However, taking into account the differences in adsorption energies of the adsorbed reactant on the flat and stepped surface in the calculations of reaction rates, it is identified that the C ? C coupling reaction proceeds mainly on the step sites and that CH 3 ? C and CH 2 ? CH 2 are two major chain growth pathways at the step sites based on the calculated reaction rates for all C 1 ? C 1 coupling pathways. Hu and coworkers [36] then studied the behavior of C 2 hydrogenation, C 2 ? C 1 and C 3 ? C 1 coupling reactions in detail on stepped Co (0001) to understand the trend of the chain growth and termination with different chain length. C 2 ? C 1 and C 3 ? C 1 coupling reactions give similar geometries of the TSs (Transition States) as the corresponding C 1 ? C 1 coupling reactions. A minor variation from C 1 ? C 1 is that the barrier of the reactions of CH 3 C ? C and CH 3 C ? CH are 0.38 and 0.32 eV smaller than the corresponding C 1 ? C 1 coupling, indicating that the other two RC ? C and RC ?CH may also contribute to the chain growth. Except for those two steps, the activation barriers of other C 2 ? C 1 are similar to the corresponding C 1 ? C 1 coupling, and the coupling reactions of RCH 2 ? C and RCH ? CH 2 are still the most possible chain growth pathways for C 2 ? C 1 coupling based on Table 4 The activation energies of elementary steps involved in chain propagation and termination for the carbide mechanism a Ref [116] b Ref [36] c Ref [119] d Ref [144] e Ref [117] , where the data in the parentheses were calculated on Co (0001) 13 CO and H 2 , the isotopic content was monitored for propane formation. The carbide mechanism should produce all kinds of combination with 12 C and 13 C in propane; the CO insertion mechanism should produce 12 C-13 C-13 C and 13 C-13 C-13 C and the hydroxyl mechanism should produce 13 C-13 C-13 C. Based on the composition of the produced propane, it was concluded that only the carbide mechanism could produce the product compositions and the other mechanisms were therefore excluded. Although monomer is generated through dissociation of CO the exact composition is not known, whether it is C, CH or CH 2 specie. However, it should be pointed out that an assumption was automatically made in their analysis, where the reaction of CH 2 with O and OH were ignored. If the reaction steps of 11 and 13 in Table 3 are in equilibrium, the conclusion could be not conclusive.
Recently, Schouten and co-workers have combined experimental data and kinetic modeling to further identify and discriminate between different mechanistic models on cobalt based catalysts for the FTS [145] [146] [147] . The prerequisite is that different mechanism models have to be proposed first before model discrimination by comparing with experimental data. It was concluded that the formation of hydrocarbons proceeds via a two-pool mechanism, where two carbon pools contribute to methane formation and C-C coupling. The most abundant chemisorbed surface species are CO ads and two single-C species, C a;ads and C b;ads . Besides, the fractional surface coverage of growing hydrocarbon chains is as low as 1.4 %. The rate coefficient for chain initiation is one order of magnitude lower than that for chain growth, indicating that CO activation is the rate determining step in the overall CO conversion. It is also observed that the rate coefficient for ethene readsorption is one order of magnitude higher than for readsorption of higher 1-olefins, which can explain the lower ethylene/ethane selectivity. Chain branching and bond shift are important secondary reactions at atmospheric pressure, transforming reactive 1-olefins into unreactive internal-olefins and iso-olefins, thus decreasing the asymptotic chain growth probability. The termination to paraffins is expected to be represented by a hydrogenation reaction. The termination to olefin, however, appears to be a desorption step rather than a hydrogenation or a dehydrogenation reaction. The growing hydrocarbon chain is therefore represented by a C i H 2i species.
As an alternative to the carbide mechanism, the CO insertion mechanism on cobalt-based catalysts has been investigated by Saeys and coworkers [114] . As shown in Table 5 , it is reported that the barriers of CO insertion into CH 2 and CH are 1.11 and 0.83 eV respectively, which is comparable to those of the C 1 ? C 1 coupling. However, the calculated TOF is still lower than the experimental TOF, owing to the effect of CO coverage on the energetic data that is not taken into account. Furthermore, the effect of CO coverage on the CO insertion mechanism was studied [117] . The higher CO coverage decreased the activation barrier for the CH 2 ? CO coupling by 0.24 eV, while it increased the barriers for the C-O scission reactions. However, it is necessary to consider the complete pathways rather than the activation barrier of individual steps. By analyzing the energy profiles of the complete pathways, a favorable pathway were proposed, namely that the RC (R represent hydrogen or an alkyl) group is hydrogenated to RCH, which then undergo CO insertion and hydrogenation to RCH 2 CO [117] . The calculated CO TOF of this mechanism is quite close to the experimental value, indicating that the calculations on Co (0001) surface with high CO coverage are more accurate and that the CO insertion mechanism could be facile on cobalt-based catalysts.
The experimental evidence for the CO insertion mechanism has derived from chemical transient kinetic studies, which has been used to provide surface coverage of C, O, H species for cobalt based FTS [148, 149] . This type of experiment is performed by switching form one reactant/ inert to both reactants and after reaching steady-state switching back to one reactant/inert. The relaxation of the reactants and products during the whole process was monitored by MS. Figure 4 shows the build-up transient, in which methane production runs through a maximum, and CO appears at that very moment. Moreover, C 2? hydrocarbon formation does not start before both the occurrence of CO and the maximum in CH 4 production. This observation provides a first indication for CO involved in C 2? formation. However, further DFT and experimental studies are needed to distinguish the nature of the monomer such as CO and CH x O y , in the chain growth. Moreover, the C 2? hydrocarbons appear in sequence; i.e., C 2 H 6 is formed first, followed shortly by C 3 H 8 and C 4 H 10 , confirming the polymerization reaction mechanism where a C 1 monomer is added at a time. Figure 5 also shows that, once the CO inlet flow stops, the C 2? hydrocarbon (and CO 2 ) production decreases very quickly (after passing a short-term maximum of *1.5 times their steady-state values). According to the authors, this also provides a strong indication for weakly adsorbing CO playing the role of the C 1 monomer. Based on the mass balance, the site coverage of surface C, O species could be followed at any reaction time. The authors found that the chain growth probability is not proportional to the surface C coverage but to the partial pressure of CO, a result that further supports their argument that CO is the chain lengthening monomer. This example shows that transient experiments could provide [114] b Ref [121] c Ref [117] , where the data in the parentheses were calculated on Co (0001) with 1/3 ML CO coverage Understanding of Co-Based F-T Catalysis 155 useful information regarding reaction mechanisms, although the results need a carful interpretation. The issue regarding the chain growth mechanism, whether the carbide mechanism or CO insertion mechanism is the more favorable, has not yet been solved since both mechanisms have theoretical and experimental support. More systematic studies are required to elucidate the monomer in the chain growth in FTS.
Methane and Olefin Selectivity

Methane Selectivity
A major disadvantage of Co-based FT catalysis is the relatively high selectivity of methane, deviating from the ideal ASF distribution. If syngas is derived from natural gas, methane is the least desired byproduct in the FTS, and understanding the mechanism for CH 4 formation is therefore important to suppress its selectivity. A few theoretical efforts have been devoted to the mechanism of CH 4 formation and the activation energies for CH x hydrogenation on different surfaces are summarized in Table 6 .
As shown in Table 6 , Hu and coworkers reported that CH 3 hydrogenation was the kinetically controlling step with barrier around 1 eV in CH x(x = 0-3) hydrogenation on both flat and stepped Co (0001) surfaces, while the other three steps have barriers below 0.90 eV [33] . CH 2 is found to be the most unstable species among the CH x(x = 1-3) species since it could decompose to CH or be hydrogenated to CH 3 with low barriers on both surfaces. Furthermore, they extended the studies to Rh, Ru, Fe and Re catalysts [35] and suggested that the effective barrier difference b Ref [144] c Ref [116] d Ref [119] e Ref [33] f Ref [117] g Ref [115] between methane formation and chain growth (4E eff ) is an energy descriptor for quantifying the selectivity. In addition, a linear relationship between 4E eff and the binding energy of C ? 4H was derived, which has been illustrated in Sect. 3.1. The CH x(x = 0-3) hydrogenation on Co 2 C (001) as also studied by Cheng et al. [144] and they reported that the methane selectivity is higher on cobalt carbides compared with metallic Co, indicating that metallic cobalt is the preferred active site for FTS. Recently, similar geometrical and energetic information of CH x(x = 0-3) hydrogenation were also derived for Co (0001), Co (10) (11) (12) and Co (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) by Li and coworkers [115] , indicating the CH x(x = 0-3) hydrogenation are not significantly affected by the local structure. It should be noted that CH X is generated via CO activation and thus the structural sensitivity for the methanation reaction is ascribed to the structure sensitivity of CO activation. Recently, a systematic investigation of all possible reaction routes for methane formation starting from the gas phase CO is studied by a combined approach of DFT calculations and kinetic studies [32] , and the favorable route is suggested to be that CO undergoes hydrogenation to form HCOH and then HCOH is dissociated to CH, which will be hydrogenated further to form CH 4. The detailed discussion will be carried out in Sect. 4.
Olefin Selectivity
Lower olefins, such as ethylene, propylene and butylene, are key building blocks in the chemical industry. FTS could be an alternative production route for these high-value commodity chemicals and investigating the olefin selectivity is therefore of great interest. The hydrogenation and dehydrogenation of n-alkyl groups on Co (0001) were studied, and the corresponding barriers are listed in Table 7 [121] . It can be found that the transition states and the activation barrier for C n H 2n (n C 2) hydrogenation are almost the same, and that those for C n H 2n?1 (n C 2) hydrogenation are also the same. The higher ethane/ethylene ratio is attributed to the 0.2 eV larger adsorption energy of ethylene, which is consistent with experimental results showing that the rate coefficient of ethene readsorption is one order of magnitude higher than for readsorption of higher 1-olefins [145] . Besides, the chain length dependence of the paraffin/olefin ratio is determined by both the van der Waals interaction between a-olefin and the metal surface and the entropy difference between adsorbed and gaseous a-olefin [121] . Thus, in order to get more accurate energetic information, the higher level functional including van der Waals interaction is important for these calculations.
A Combined Approach of DFT Calculations and Kinetic Analysis
No single technique can exclusively elucidate the reaction mechanism for such A complex reaction. Recently, a combined approach of theoretical calculations and experimental kinetics has been employed to discriminates between the different mechanisms of CO activation and methane formation on cobalt-based catalysts [32, 39, 41] . In 2010, Iglesia and coworkers observed the inverse isotope effect on Co catalysts, which is due to the compensation between the thermodynamic (H 2 dissociation to H*, H* addition to CO* species to form HCO*) and kinetic (H* reaction with HCO*) isotope effect. It is also shown that the calculated kinetic isotope effect of the hydrogenassisted CO dissociation pathway is quite close to the experimentally one, indicating that the H-assisted CO activation prevails on Co catalyst [41] . Yang et al. employed combined DFT, transient, and steady-state kinetic modeling to elucidate the CO activation mechanism [39] . The combined approach of DFT calculations and kinetic analysis are illustrated in Fig. 6 . On one hand, SSITKA studies can provide information about the coverage and surface residence time of surface intermediates and other key parameters, which are useful for kinetic studies. More importantly, the kinetic isotope effect can be derived by D 2 /H 2 isotopic studies. On the other hand, DFT Table 7 The activation energies of elementary step involved in the hydrogenation and dehydrogenation of n-alkyl groups [121] No.
Elementary steps Co (0001) [39] . Two carbon pools, CH 2 O and CH X , have also been identified for methane formation. By a similar combined approach, the mechanism of methane formation was discriminated among nine possible reaction pathways [32] . The DFT calculations were first performed and the activation energies and free energies were derived. Only three pathways were energetically unfavorable based on the DFT calculations. For the six possible pathways, the reaction orders of the derived Langmuir-Hinshelwood (L-H) rate expressions were compared with experimental results, and the results showed that three pathways could not be discriminated since they all fit well with the experimental data. Furthermore, the isotope effects of the remaining three ones were calculated by DFT and compared with the experimental value. Finally, one pathway was suggested to be most favorable, that is, CO undergoes hydrogenation to form HCOH and then HCOH is dissociated to CH, which will be hydrogenated further to form CH 4 . It is demonstrated that the different pathways cannot be discriminated solely by one method and that the combined approach of DFT, kinetic analysis and KIE is a powerful tool to identify reaction mechanisms. This is expected to be used for further studies, such as chain growth mechanism, and also be extended to other catalysis systems.
Conclusions and Perspectives
FTS is a complex reaction involving a large number of surface species and elementary steps for the formation of products. It has been demonstrated that theoretical analysis and transient kinetic studies are powerful tools to provide fundamental insight into FTS mechanism on cobalt catalysts. Some key conclusions of this present review are highlighted and summarized as follows. It is widely accepted that CO activation is a structure sensitive reaction. For instance, the activation energy of direct CO dissociation is much lower on stepped surfaces including the active sites (such as B 5 or F 6 ) than on ideal Co (0001) surface. For the ideal Co (0001) surface, hydrogen-assisted CO activation is the preferred pathway. For the stepped surfaces, there are still debates concerning the preferred CO activation pathway since different surface model, different CO coverage and different evaluation criteria (e.g., the activation barriers of elementary steps, the overall barriers, effective barriers and calculated reaction rates) are used. Considering that the small sized particles with more stepped surfaces are easily blocked by strong bonded carbon and oxygen species, the hydrogen-assisted CO dissociation mechanism seems to be more favorable, which is also consistent with step-transient experimental results.
As for the chain growth mechanism, both the carbide mechanism and the CO insertion mechanism seem to be possible. In the carbide mechanism, RCH 2 ? C and RCH ? CH 2 are the two major pathways for C ? C coupling with chain length n]2 based on the DFT calculations. In the CO insertion mechanism, the pathway involving RC group hydrogenation to RCH, then CO insertion and hydrogenation to RCH 2 CO, was proposed based on the DFT calculations. However, a systematic study including both experimental and theoretical investigations is highly desired to provide a better understanding of chain growth monomer, chain growth probability and olefin to paraffin formation of hydrocarbons with different carbon numbers.
Regarding methane formation, the two carbon pools, CH 2 O and CH X , were found responsible for methane formation by transit kinetic modelling. The effective barrier difference between methane formation and chain growth (4E eff ), is regarded as an energy descriptor for quantifying the selectivity. Combined approach of kinetic analysis, kinetic isotope effect analysis and DFT calculations shows that the preferred methane formation pathway is CO hydrogenation to form HCOH, then HCOH dissociation to CH and subsequent hydrogenation to form CH 4 . For a-olefin selectivity, the adsorption energies of olefins (especially the van der Waals interaction between a-olefin and the metal surface and the entropy difference between the absorbed and gaseous a-olefin) determine the chain length dependence of the paraffin/olefin ratio. However, van der Waals interaction was not involved, calling for further studies.
The methodology, combining DFT calculations, kinetic isotopic effect and kinetic analysis, has been successfully used to discriminate between different proposals for the mechanism of CO activation and methane formation. It is expected that using the method will made it possible to further elucidate the chain growth and the olefin selectivity. This method could be applicable for mechanistic studies of other complex catalytic systems. It should be noted that realistic FTS reaction conditions such as temperature, pressure and CO coverage of course need to be concerned, and that a better evaluation criteria, among others activation barriers, free energies, effective barrier and reaction rates, should be developed.
